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Abstract—A Geiger-mode avalanche photodiode (GM-APD) 
photon counting system is presented in this paper. The system 
provides a maximum counting rate of 35 Mcounts/s and is capable 
of directly displaying the counting rate and data logging to a PC. 
In this system, the detector can be easily changed to enhance its 
usefulness in different applications. A novel active quench and 
reset integrated circuit (AQR-IC) is designed for the system with 
adjustable hold-off time from several nanoseconds up to 1.6 µs 
with a setting resolution of about 6.5 ns. This facilitates optimal 
performance when using different types of APDs. The AQR-IC 
also registers each avalanche event as a TTL pulse that is 
processed by a micro-controller to calculate the photon-counting 
rate. The microcontroller can be interfaced with a PC over USB to 
record the measured data and to allow further processing. 
Software was also written to calculate the photon-counting rate, 
display the results and save the data to files. 
 
Index Terms—Geiger-mode avalanche photodiode, Single 
photon counting, adjustable dead-time, photon-counting system. 
I. INTRODUCTION 
INGLE photon counting techniques have been used in a 
myriad of low-light sensing applications requiring 
high-sensitivity such as LIDAR, DNA sequencing, 
quantum key distribution, and medical imaging. Historically 
photomultiplier tubes (PMTs) have been used for photon 
counting applications but improvements in GM-APD in recent 
years has led to this detector becoming more popular for single 
photon counting due to its lower operating voltages, lower-cost, 
higher sensitivity, smaller size and suitability for integration. A 
number of single photon counting modules using APDs have 
been developed [1-9]. The maximum photon-counting rate of 
these modules is typically from 10 to 20 Mcounts/s with some 
approaching 40 Mcounts/s. One limitation in these modules is 
that the detector is fixed and the hold-off time (and 
consequently dead-time) in the detector is difficult to change. 
The hold-off time is the time that the APD is kept in the OFF 
state following detection of an avalanche event to allow for the 
dissipation of trapped charges that may result in a false 
avalanche event being triggered. The hold-off time is realized 
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using an active quench and reset circuit to minimize this 
“afterpulsing” phenomenon. During the hold-off process, no 
incoming photon can be detected thereby limiting the 
maximum achievable counting rate of the GM-APD. As a result, 
a trade-off exists between the photon counting rate and an 
acceptable level of “afterpulsing”, therefore an accurate 
adjustment of the hold-off time is important in a single photon 
counting system. Depending on the purpose of the 
measurement (e.g. UV, visible or long wavelength), different 
types of APD will be required and different hold-off times 
should be set to optimise the APD’s performance 
characteristics. In [1-4] the hold-off time is fixed, in [5] the 
hold-off time can only be changed by factory setting and in [6] 
the hold-off time can only be adjusted in step-sizes > 100 ns. In 
[7-9], two delay modules are required (one for quenching and 
the other for resetting) to set the hold-off time. The adjustment 
of the delay module is complicated and adds to the control 
complexity for changing hold-off times. 
In this work a complete GM-APD based single photon 
counting system is developed. The system is able to provide a 
maximum photon-counting rate of 35 Mcounts/s with 
interchangeable APD devices. An active quench and reset 
integrated circuit (AQR-IC) was designed that allows the 
hold-off time to be accurately set digitally from several 
nanoseconds up to 1.6 µs with a resolution of about 6.5 ns. This 
allows the selection of the optimal ‘afterpulse-free’ 
hold-off time for the GM-APD via external digital inputs or 
additional signal processing circuitry. Unlike typical active 
quench and reset circuits that require two delay modules to set 
the hold-off time, this AQR-IC is designed to automatically 
reset the APD at the end of the hold-off period without the need 
for an extra delay module. The AQR-IC also converts the 
avalanche events that occur in the APD into TTL pulses that are 
sent to a micro-controller system for counting rate calculation. 
The micro-controller is programmed to collect the photon 
counting data and send the data to a PC through a USB cable. A 
C#/WPF software application was written to calculate the 
photon counting rate, have it displayed on a graphical user 
interface (GUI) and record the data in CSV files. 
II. SYSTEM DESCRIPTION 
Fig. 1 shows the block diagram of the photon counting 
system developed. It consists of 3 main parts: i. An active 
quench and reset integrated circuit (AQR-IC) that is used to 
accurately set the hold-off time in the APD and convert 
detected avalanche events into TTL pulses. A printed circuit 
board (PCB) is designed to hold the AQR-IC and a GM-APD; 
ii. A micro-controller system to collect the photon counting 
data and send it to a PC through a USB cable; iii. A software 
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application including a graphical user interface (GUI) running 
on a PC to calculate and display the photon counting rate and 
save the data to files. 
 
Fig. 1 Block diagram of the single photon counting system developed. 
A. Active quench and reset circuit 
Fig. 2 shows the schematic of the active quench and reset 
chip. In the circuit, a comparator is used to sense the avalanche 
current at the cathode of the GM-APD. The comparator’s 
inverting input is connected to the cathode of a GM-APD, 
which is biased at a voltage determined by Vdd and -Vlow. One 
PMOS and one NMOS transistor are used as the switches for 
quenching or resetting the APD. A ring-oscillator is used to 
generate clock pulses during the hold-off period and a counter 
is used to count the clock pulses to adjust the hold-off time [10]. 
 
Fig. 2 Schematic of the active quench and reset IC. 
 
The operation of the circuit is as follows: When there are no 
avalanche events, the output of the comparator “compo” is low, 
the ring-oscillator is inactive and the 8-bit counter is reset to 0 
("00000000"), both PMOS and NMOS transistors are turned 
off. When an avalanche event occurs, current flows through the 
sensing resistor Rs and a voltage drop can be seen at the cathode 
of the APD. The comparator senses the voltage drop and its 
output “compo” goes from low to high. Qp goes high to turn on 
the NMOS transistor and the cathode of the APD is connected 
to GND for quenching. Meanwhile, the ring oscillator is active 
and providing the clocks to the 8-bit counter. When the signal 
“compo” is high, the counter receives clock pulses generated by 
the ring-oscillator and starts counting upwards from 0 
("00000000") to 255 ("11111111"). Each output of the counter 
is connected to one input of an XNOR gate. The other input of 
the XNOR is connected to an external input (controlled by the 
user). When the outputs of the counter equal the external inputs, 
all the outputs of the XNOR gates go to logic "1" (high). Then 
Rn goes low which makes Qp go low to stop the hold-off 
process and turn on the PMOS transistor thus resetting the 
GM-APD bias voltage (buffers are used here to make sure the 
reset process starts after the hold-off process is finished). At 
this time, Node A goes low to block the clock from the 
ring-oscillator to the counter and the counter is stopped. This 
makes Rn remain low for resetting. When the cathode of the 
GM-APD is reset back to Vdd, “compo” is low, the 
ring-oscillator is inactive and the counter is reset to 0 
("00000000"). Now the outputs of the counter do not match the 
external inputs, Rn goes high and the PMOS transistor is turned 
off to complete the reset process. The APD is then ready to 
detect the next avalanche event. By setting the external inputs, 
the counting number can be determined and the hold-off time 
can be altered. The step-size of the hold-off time is decided by 
the clock frequency and that depends on the number of the 
stages of the ring-oscillator. Each quenching and resetting 
process (avalanche event) generates one TTL pulse at the 
cathode of the APD (Vcathode), which is connected to the 
micro-controller system for calculating the photon counting 
rate. 
B. Photon counting rate calculation and interface with PC 
 
Fig. 3 block diagram of the photon counting rate calculation and interface. 
 
A block diagram of the photon counting rate calculation and 
interface is shown in Fig. 3. An NXP LPC1768 microcontroller 
(µC) is used to implement the pulse counting functionality and 
data interface. The high clock speed of the microcontroller 
allows hardware counting at rates of up to 48 MHz. A PC is 
used to run the software (including a GUI) developed for 
graphically displaying the results and data logging. 
In the microcontroller, a reconfigurable hardware timer 
module is used to detect the photon pulses from the photon 
counting module. The counting windows are defined by a clock 
signal: window clock. The total number of photon pulses 
between successive low to high events of the window clock are 
summed and converted into XML formatted data. The data is 
transmitted to a PC via a USB-Serial interface. A C#/WPF 
software application was written to parse the XML data, 
calculate, display and record the counting rate data. The 
application listens for new data on the serial port and parses the 
photon counting values from any received XML data. The 
counting rate values then are multiplied by the window clock 
frequency to give the photon counting rate over that window 
period. A graphical user interface displays the photon counting 
rate with a time stamp and logs the data to a file. 
III. EXPERIMENTAL RESULTS 
 
Fig. 4 Photograph of the fabricated AQR-IC. 
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The AQR-IC was fabricated with 0.35 µm AMS CMOS 
process. Fig. 4 shows the photographs of the fabricated chip, 
the overall chip dimension is 1.7 mm × 1.4 mm which mostly 
occupied by the bond pads and decoupling capacitors. The 
dimensions of the IC core are 260 µm × 150 µm. 
A printed circuit board (PCB) was designed for housing the 
AQR-IC and the APD. On the PCB, a 24 pin ZIF socket is used 
to hold the packaged APD (see Fig. 5) to facilitate changing the 
APD to suit different applications (e.g. UV, visible or long 
wavelength light detection).  
 
Fig. 5 Bottom-side of the test PCB (holding the APDs). 
 
In the experiments, two APDs have been used. One APD 
(APD1) is a 20 µm diameter circular APD with a breakdown 
voltage of 27 V developed by the Photodetection and Imaging 
Group at University College Cork [11], [12], see Fig. 5(b). The 
other APD (APD2) is from FirstSensor, which has a breakdown 
voltage of 70 V [13], see Fig.5(c).  
 
Fig. 6 Experimental setup for testing the photon counting system. 
 
In Fig. 6, the experimental setup for the photon counting 
system is described. In the setup, a He-Ne laser source 
operating at 632.8 nm was used to illuminate the APD using an 
integrating sphere. An external power supply was used to 
provide -Vlow and Vdd for biasing the APD and powering the 
AQR-IC. The APD is biased around 3 V or 5 V (3 V for APD1 
and 5 V for APD2) in excess of the breakdown voltage. The 
hold-off time is controlled by the 8-way switch on the PCB. An 
oscilloscope was used to observe the voltage at the cathode 
(Vcathode) of the APD. The cathode (Vcathode) of the APD is 
connected to an input pin of the microcontroller that collects the 
avalanche event data, calculates the photon counting rates and 
reports the results to the PC through a USB cable. The graphical 
user interface (GUI) running in the PC displays the photon 
counting rate statistics and records the data to a file. 
Fig. 7 demonstrates the oscilloscope traces of the cathode 
voltage (Vcathode) of the APDs tested with (a) the hold-off time 
kept at 80 ns by setting Input7 - Input0 to 00001100, Vdd set to 
3.3 V for quenching excess voltage of up to 3.3 V. (b) the 
hold-off time kept at 542 ns by setting Input7 - Input0 to 
01010111, Vdd set to 5 V for quenching excess voltage of up to 
5 V. The results show the hold-off time can be precisely 
controlled. Results also show that the quenching time delay 
(time interval between the APD breakdown and lowering the 
APD bias below its breakdown) are about 9 ns and 13 ns for 
excess bias of 3 V and 5 V respectively. To shorten this interval 
time, two main options are: 1. Reduce the parasitic introduced 
by the connection between the APD and the quenching chip. A 
hybrid package of the APD and the quenching chip or fabricate 
the APD and the quenching chip on a same wafer will 
dramatically reduce the parasitic and shorten the delay time. 
However, this will limit the ability of inter-changing the 
detector. 2. To design a faster amplifier or comparator for 
detecting the avalanche events in the APD, that will shorten the 
delay time. 
 
Fig. 7 (a) APD1's cathode voltage with the hold-off time kept at 80 ns by setting 
Input7 - Input0 to 00001100, Vdd set to 3.3 V for quenching excess voltage of 
up to 3.3 V. (b) APD2's cathode voltage with the hold-off time kept at 542 ns by 
setting Input7 - Input0 to 01010111, Vdd set to 5 V for quenching excess voltage 
of up to 5 V. 
 
Fig. 8 shows the results of varying the external input codes 
versus the resultant hold-off time. It shows when the input code 
increases from 1 ("00000001") to 255 ("11111111") the 
hold-off time linearly increases from several nanoseconds to 
more than 1.6 us with a setting step of about 6.5 ns. This allows 
the required hold-off time to be accurately set digitally to suit 
the individual properties of the APD used. 
 
Fig. 8 External input codes versus hold-off time. 
 
Fig. 9 shows the counting rates measured by the system for 
different incident laser powers when different hold-off times 
are set. Fig. 9(a) shows the results by using APD1 and Fig. 9(b) 
shows the results by using APD2. Results show that when the 
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minimum hold-off time (about 6.5 ns) is chosen, the maximum 
counting rate reaches about 35 Mcounts/s with saturated 
incident light. Results also show that shorter hold-off time 
provides higher dynamic range for the detection while longer 
hold-off time gives a lower noise level (dark count and 
afterpulsing). This trade-off exists between maximum counting 
rate and noise level and the accurate and easy control of the 
hold-off time is vital for making the choice. 
 
Fig. 9 Photon counting rates measured for different incident laser powers. 
 
Fig. 10 shows the setup for measuring the timing jitter. A 632 
nm pulsed laser was used to illuminate the APD (APD1 is used 
here with a dead-time set to about 46 ns) in the system and the 
propagation delay between the triggering of the laser and the 
triggering of the counting system’s output is measured. An 
NIM signal converter is built here to convert the TTL signal 
from the counting system to a negative NIM logic which is 
connected to the stop pin on the B&H TCSPC module. 
 
Fig. 10 Experimental setup for measuring timing response of the system. 
 
 
Fig. 11 Timing response of the counting system. 
Fig. 11 shows the timing response of the counting system. 
The propagation delay here is caused by the parasitic between 
APD and the counting system and the speed of the op-amp used 
in the NIM converter. The timing jitter (FWHM) measured for 
the overall system is about 687 ps, which can be improved by 
better aligning the laser and the detector surface, decreasing the 
ambient light, cooling the APD and also introducing additional 
electronics. 
IV. CONCLUSION 
A complete single photon counting system that is capable of 
providing a maximum photon-counting rate of 35 Mcounts/s 
has been designed. In the system, an interchangeable APD 
device is used to detect the incident photons. An active quench 
and reset integrated circuit (AQR-IC) that enables accurate 
digital control of the hold-off time in the APD from several 
nanoseconds up to 1.6 µs with a setting resolution of 6.5 ns is 
described. The AQR-IC designed also converts the avalanche 
events occur in the APD into TTL pulses, which are sent to a 
microcontroller system for photon counting rate calculation. 
The microcontroller is programmed to collect the photon 
counting data and send the data to a PC through a USB cable. A 
customised software application running on a PC is used to 
capture the photon counting date, calculate the photon counting 
statistics, display the results and store the recorded data to CSV 
files. 
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